The objective of this study is to experimentally examine the effects of orbital motion on the boundary layer flow on a spinning disk. The boundary layer flow on the disk is visualized by the oil flow method, and velocity in the boundary layer is measured by the hot-wire method. For the oil flow pattern in the case of spinning motion only, streaks are clearly observed on the disk as transient vortices, but by adding orbital motion to the spinning motion, we find that streaks are not observed in a certain range of orbital conditions. With increasing orbital motion speed, the laminar region becomes narrower and transition is promoted from the inward region of the disk, regardless of the direction of rotation. Also, with the addition of orbital motion, the velocity profile in the boundary layer becomes more asymmetric with respect to the spin axis of the disk. Furthermore, stationary vortices do not appear on the disk when the orbital speed is beyond a certain critical value. Therefore, the lack of streaks in the oil film pattern when orbital motion is added is due to the spatiotemporal unsteadiness of the flow field on the disk.
Introduction
Boundary layer flow on a spinning disk is a flow field representative of a three-dimensional twisted boundary layer. When the spinning speed of a disk increases and the disk diameter is large, the Reynolds number of the boundary layer (which depends on the local radius, the disk rotation speed, and the kinematic viscosity of the fluid) exceeds the critical value, and a boundary layer transition occurs as a result of cross-flow instability [1] . When the Reynolds number further increases downstream, turbulent transition occurs in the boundary layer as a result of the Tollmien-Schlichting secondary instability [1] .
When a primary boundary layer transition occurs, about 30 transient vortices are formed in the outer region of the laminar region on the rotating disk [2, 3] . The transient vortices corotate and remain stationary on the disk. While horseshoe-shaped vortices are observed along the transient vortices in the secondary transition process [4] , those vortices travel along the transient vortices with some nonzero phase speed relative to the wall [1] .
In spin coating in semiconductor manufacturing, transient vortices generated on the spinning disk (wafer) prevent the formation of a film with a uniform thickness.
Because the vortices are stationary relative to the disk, they form streaks on the film. However, the next-generation of wafers with large diameter and high rotation speed will require techniques for ensuring either that the transient vortices move relative to the disk or that the boundary layer transition is suppressed.
The effects of down-flow and rotational acceleration on the boundary layer transition were investigated in earlier studies [5, 6] , and a transition suppression method involving the injection of helium gas into the boundary layer of the disk [7] was granted a patent. Here, we focus on adding orbital motion to the spinning disk as a new element technology.
Therefore, the objective of this study is to experimentally characterize the effects of orbital motion on the boundary layer flow on a spinning disk. The effects of orbital motion are investigated by visualization of the boundary layer flow on the disk and velocity measurements at the boundary layer.
Experimental Procedure

Experimental Apparatus
The experimental apparatus (Figure 1) consists of a rotating disk with an added orbital motion similar to that of a planet. In the present work, the orbital rotation radius R o is 100 mm (= R), the disk diameter is 200 mm (= 2R), and the disk edge thickness is 1 mm. The disk is installed on an orbital rotation base; however, the spinning driveshaft and the orbital driveshaft turn the disk independently. The spinning and orbital angular velocities of the disk are adjusted by controlling the inverter of each motor coupled with the respective driveshaft by using timing belts and pulleys. The counterclockwise direction of rotation is defined as positive.
Flow Visualization
The boundary layer flow over the spinning disk with added orbital motion is visualized by the oil film method. The coating liquid is prepared from a mixture of black ink and liquid detergent. Initially, the liquid is dropped onto the disk spinning at a low speed, which is held constant for a short period of time to spread the liquid evenly. Then the speeds of spinning and orbital motion are increased to a predefined test speed. Both rotation speeds are maintained for 40 s to allow the film on the disk to dry sufficiently. Finally, both rotational motions of the disk are stopped and the oil flow pattern on the disk is captured with a digital camera.
Hot Wire Measurement
The velocity field of the boundary layer flow on the disk is measured with a single hot wire at the same orbital angular position by using a timing mark laser sensor. The hot wire is positioned in parallel to the disk surface and aligned in radial direction to measure the tangential (circumferential) velocity component. An A/D converter is triggered by a timing pulse signal from the orbital base, which ensures that the center of each time record represents the same orbital angular position, and velocity data for 1024 points are sampled at every trigger signal during the 250 orbital revolutions at a sampling frequency of 100 kHz. In the spinning-only test, velocity data are sampled during the 250 spinning revolutions in synchronization with spinning by using a timing pulse signal form the spinning disk.
The experiments are performed at a rotation speed N of ±4000 rpm. The radial boundary layer is traversed at a height z from the disk surface of 0.5 mm (= 2.5δ).
Results and Discussion
Visualization of Boundary Layer Flow
At low values of the local Reynolds number Re r (= r 2 ω/ν), the resultant oil film shows no streaks since the boundary layer flow is laminar in almost the entire area of the disk. When the spinning speed is lower than 4000 rpm, there are no clear streaks caused by transient vortices on the oil film on the disk, even in the case of the spinning-only test. Typical examples of resultant oil flow patterns on the disk at N = +4000 rpm are shown in Figure 2 . The resulting oil flow patterns at N = ±4000 rpm are shown schematically in Figure 3 . for a clean disk [9] . Indeed, no turbulent region is observed in the present study. When orbital motion is added to the spinning disk, at an orbital rotation speed of |N o | < 200 rpm, streaks start forming slightly inward as compared with the spinning-only test, as shown in Figure 2(b) . This result is similar regardless of the direction of rotation. The promotion of primary transition caused by cross-flow instability is considered to be minimal. However, the streaks in the oil flow pattern become blurred with the increase in orbital rotation speed. At an orbital rotation speed in the range of 200  |N o | < 300 rpm, no clear streaks are observed. As shown in Figure 2(d) , no streaks are observed when the orbital rotation speed is increased even further to |N o |  300 rpm, regardless of the direction of rotation.
Tangential Velocity Profile
The radial distributions of mean tangential (circumferential) velocity at the same orbital angular position are shown in Figures 4(a) and 5(a) . The mean tangential velocity is normalized by the tangential velocity R|ω| of the spinning disk edge. Here, |ω| denotes the absolute value of the angular velocity of the spinning disk. The upper abscissa in the figure denotes the normalized local orbital radius, and the lower abscissa in the figure denotes the normalized local radius of the disk. However, in the inward region of the normalized local orbital radius r o /R o , the normalized local radius r/R is negative. The solid line in Figure 4 shows the theoretical value in the laminar boundary layer on the spinning-only disk as reported by von Karman [10] .
In the case where the direction of spinning of the disk (N = +4000 rpm) is opposite to the direction of orbital motion, the effects of orbital motion on the mean tangential velocity profile are shown in Figure 4 the orbital radial direction. With the addition of orbital motion in the opposite direction, the tangential velocity increases in the inward region in orbital radial direction within the spiral center and decreases in the outward region. The relative tangential velocity profiles normalized to the local orbital velocity are shown in Figure 4(b) . The relative tangential velocity is estimated by subtracting the orbital velocity at the local orbital radius form the mean tangential velocity, which is the actual velocity. The spiral center of the relative tangential velocity profiles is located inward in orbital radial direction, contrary to the actual tangential velocity. The eccentricity of the spiral center increases with increasing the orbital speed. Furthermore, the magnitude of the relative tangential velocity also increases with increasing the orbital speed. When orbital motion is added in the direction opposite to the direction of spinning, the boundary layer flow is close to the flow at higher Reynolds numbers.
In contrast to the cases of opposite directions of spinning and orbital motion, in the case where the directions of spinning and orbital motion are the same (at N = −4000 rpm), the actual and relative tangential velocities are distributed symmetrically due to the large spinning effect, as shown in Figure 5(a) and (b) , respectively. However, the relative tangential velocity profiles around the inflection point near r/R = 0 exhibit a wide region where the velocity gradient in radial direction is extremely small. The relative tangential velocity in the outward region in the orbital radial direction is reduced by adding orbital motion. The swirl intensities on the entire disk are similar to those in the case of the spinning-only test, or tend to be reduced slightly with the addition of orbital motion. We cannot conclude that with the addition of orbital motion the boundary layer flow on the disk with the same directions of spinning and orbital motion is close to the flow at higher Reynolds numbers, contrary to the case of the disk with opposite directions of rotation.
Fluctuating Tangential Velocity
The radial distributions of the root mean square (rms) values of the fluctuating tangential velocity at the same orbital angular position are shown in Figure 6 . The velocity in the laminar region around the spinning axis shows slight fluctuation. In the spinning-only test, the rm idly in the region of |r|/R > 0.75. With the addition of orbital motion, the rms of the fluctuating tangential velocity increases from the inward region of the disk, and the laminar region (the small region of fluctuating velocity) shows a narrow distribution with increasing the orbital speed up to 300 rpm. Moreover, the fluctuating velocity in the outward region (r > 0) in orbital radial direction increases from the inward region of the disk in comparison with the inward region (r < 0), regardless of the direction of rotation. The additional centrifugal force due to orbital motion is considered to promote the boundary layer transition since the centrifugal effect due to the orbital motion becomes stronger in the outward region in the orbital radial direction.
Velocity
ble-a the fluctuating tangential velocity at r/R = ±0.90 in the case of opposite directions of rotation (N = +4000 rpm) is shown in Figure 7 . The PSD peak at around 2 kHz tive tangential velocity to the local orbital velocity.
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OJFD cor-responds to the 30 transient vortices on the spinning disk at N = +4000 rpm. With the addition of orbital motion, the frequency measured at a fixed point is estimated as the apparent frequency. However, the effect of frequency shift with respect to the apparent frequency is relatively small. In the frequency range between 2 and 3 kHz, with increasing the orbital speed up to 200 rpm, the peak frequency of PSD at r/R = −0.90 shows a strong shift beyond 2 kHz, and the peak level of PSD decreases, as shown in Figure 7(a) . The apparent frequency at r/R = −0.90 in the case of opposite directions of rotation increases slightly, however, beyond that point the increase in frequency is remarkable, although the number of streaks observed in the oil-flow pattern is the same. At N o  −300 rpm, the peak corresponding to the 30 transient vortices is not observed, however, a strong peak at a low frequency is observed in the frequency band up to 2 kHz. The spectrum for N o = −200 rpm also shows a peak at a low frequency. Furthermore, the frequency in the low frequency band shifts considerably with increasing the orbital speed. Velocity fluctuation at low frequency is observed from the inward regions of the disk, as shown in Figure 8 et al. th vortices of streamline-curvature instability are likely to travel [11] . A detailed investigation will be conducted in future work.
The spectra r R Figure 7 (b) PSD peak due to transient vortices is observed at around 1700 Hz at N o = −100 rpm. A peak at a low frequency is observed at N o = −200, however, the high peak seen in Figure 7(a) is not observed, and the PSD level decreases in the higher frequency band. The spectra at No  −300 rpm also lack a high peak, and instead maintain a high level over a broad band. This is a characteristic observed after the turbulent transition. Figure 9 shows the time series of the power s nsity seen in Figure 7 . In the spinning-only test, the high-level PSD is distributed evenly at around 2 kHz, which corresponds to the 30 stationary vortices. At N o = −100 rpm, the velocity fluctuation with high-level PSD shows an even distribution comparable to that shown in Figures 9(a) and 10(a) . Two intermittent frequency bands with a high-level PSD at r o /R o = 0.1 (r/R = −0.9) are observed with the addition of N o = −200 rpm, and at r o /R o = 1.9 (r/R = +0.9), intermittent fluctuations are observed over a broad band at low frequencies, as shown in Lastly, focusing on the case of N o = −300 rp se of opposite directions of rotation at N = +4000 rpm, the intermittent fluctuation at low frequency in the inward region in orbital radial direction (r < 0) is dominant at r o /R o < 0.5 (r/R < −0.5), even though intermittent transient vortices appear, and discrete fluctuation due to transient vortices is not observed in the outward region, where turbulent transition occurs. The boundary layer flow is found to be extremely asymmetric on the disk, and stationary vortices do not appear on the disk. The lack of streaks in the oil film pattern is attributed to this spatiotemporal unsteadiness. Details regarding the frequency analysis and the vortex structure will be reported elsewhere.
Conclusion
In the present work, the effe boundary layer flow on a spinning disk have been invesWith increasing the orbital rotation speed, the laminar region becomes narrower, and transition is promoted from the inward region of the disk, regardless of the direction of rotation. Also, when orbital motion is added, the flow structure in the boundary layer is more asymmetric with respect to the spin axis of the disk. The direction and extent of eccentricity depend on the combination of directions of rotation and the ratio of orbital speed to spinning speed, respectively. It is found that velocity fluctuations at low frequencies depending on the orbital speed are observed intermittently in the region of flow in the eccentric direction relative to the disk. Turbulent transition occurs in the region with flow opposite to the eccentric direction. As a result, stationary vortices do not appear on the disk when the orbital speed is beyond a certain critical value. Therefore, the spatiotemporal unsteadiness in the flow field when orbital motion is added prevents streaks from appearing on the oil film pattern. 
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